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We investigate experimentally the relation between thermodynamical irreversibility and dissipa-
tion on a superconducting Xmon qubit. This relation also implies the second law and the Landauer
principle on dissipation in irreversible computations. In our experiment, the qubit is initialized to
states according to the Gibbs distribution. Work injection and extraction processes are conducted
through two kinds of unitary driving protocols, for both a forward process and its corresponding
mirror reverses. The relative entropy and relative Re´nyi entropy are employed to measure the
asymmetry between paired forward and backward work injection or extraction processes. We show
experimentally that the relative entropy and relative Re´nyi entropy measured irreversibility are re-
lated to the average of work dissipation and average of exponentiated work dissipation respectively.
Our work provides solid experimental support for the theory of quantum thermodynamics.
Introduction.—Time-reversal symmetry in the micro-
scopic description of nature and the arrow of time in
the macroscopic world described by thermodynamics are
central topics in physics. The theory of thermodynamics
indicates that the irreversibility of a thermal process is
connected to the work dissipation 〈Wdiss〉 = 〈W 〉 − ∆F
in transition, where ∆F is free energy difference between
the final and initial equilibrium states, while W is the
work done on the system in the transformation. The
second law of thermodynamics states that 〈Wdiss〉≥0 for
any transition process from an initial equilibrium state to
a final equilibrium state. Thus ∆F is the minimum pos-
sible work that the system should absorb in the process.
When the transition goes sufficiently slow to achieve a
quasi-static transformation, the whole process would be
reversible. In this case, the external agents need only
inject a necessary work ∆F to the system, correspond-
ingly, dissipated work will vanish. On the other hand, the
transitions which usually take finite time are accompa-
nied with non-zero dissipated work. Qualitatively, with
more work dissipated in the transition, the degree of ir-
reversibility of the whole process will be higher [1, 2].
Generally, a quantitative description of the relation
between irreversibility and dissipation is elusive, which
may involve non-equilibrium dynamics at the microscopic
level. In this Letter, we report an experiment on testing
a relation, which will be presented later in Eq.(1), for
irreversibility and dissipation of thermodynamics with a
superconducting qubit. We remark that this relation also
implies the second law and the Landauer principle [3–6].
It should be noted that many experimental explorations
of thermodynamics, especially involving nonequilibrium
processes, have already been conducted, mainly in classi-
cal systems such as macromoleculars [7–9], macroscopic
mechanical systems [10], Brownian particles [11–13], sil-
ica nanoparticles [14], colloidal particles [15–17], RC cir-
cuit [11, 12, 18] etc. A few experiments are implemented
in quantum systems such as nuclear magnetic resonance
(NMR) system [19, 20]. There is also a proposal for
trapped ions [21].
Experimentally, with a trapped-ion system, the
Jarzynski equality [22] which relates the free-energy dif-
ference to the exponential average work done on the sys-
tem is tested where the technique challenging method is
to obtain the work distribution by two projective mea-
surements over energy eigenstates [23]. Remarkably, the
time asymmetry relation (1) under consideration was
tested in NMR system [20]. However, for relation (1),
the involved dissipation work implementation defining
as energy difference for single-shot projective measure-
ment bases as that in [23] is still absent, which would put
this time asymmetry relation on more solid experimen-
tal foundation. Here, we report an experimental testing
of the relation (1) and also its relative Re´nyi entropy
generalization with a qubit of superconducting quan-
tum circuit by quantum non-demolition (QND) measure-
ment. This QND measurement is similar as single-shot
measurement in definition but is different from that of
NMR ensemble quantum system. We know that the
superconducting quantum circuit is promising for quan-
tum information processing for its well addressibility and
controllability[24–29].
Theoretical background.—The relation between irre-
versibility and dissipation is in general intriguing, be-
cause processes of work extraction and heat exchanging
are often intertwined together making it hard to separate
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2them apart. This predicament can be resolved by arrang-
ing these two processes taking place separately in differ-
ent time periods. Specifically, we consider a controllable
system and a thermal reservoir at constant inverse tem-
perature β≡1/T with T the temperature and Boltzmann
constant set to 1. System is initialized at an equilibrium
state in contacting with the heat reservoir. Then it is
separated from the reservoir, and driven out of equilib-
rium by a unitary evolution. Finally, the system contacts
with the reservoir again and thermalize back to an equi-
librium state. This constitutes the forward process. The
backward counterpart starts from the former “final equi-
librium state”, undergoes reversed unitary driven evolu-
tion and ends at the former “initial equilibrium state”
through heat exchange with reservoir. Since there is no
other restriction on the unitary driven process, the sys-
tem can be far away from equilibrium in the transition,
often out of the linear response regime [30]. Such process
will result in non-vanishing dissipated work 〈Wdiss〉 and
thus irreversibility in thermodynamics. Quantitatively,
a relation between time irreversibility and dissipation of
work can be written as [3, 31],
S
(
ρF (t) ‖ρB (τ − t)) = β 〈Wdiss〉 , (1)
where τ is the total driven time, ρF (t) is state of system
at time t in the forward process, ρB (τ − t) is state at time
τ − t in the backward process, and S (ρF (t) ‖ρB (t)) ≡
tr
{
ρF (t)
[
lnρF (t)− lnρB (τ − t)]} denotes relative en-
tropy between the pair of states. Given reversible pro-
cesses, states ρF (t) and ρB (τ − t) coincide which is the
sufficient and necessary condition that relative entropy
between them vanishes for arbitrary time points t and
τ − t. Relative entropy is non-negative and a measure
of how different ρF (t) is from ρB (τ − t). Thus it can
quantify the asymmetry between forward and backward
processes.
Alternatively, α-order relative Re´nyi entropy,
Sα(ρ
F(t)‖ρB(τ − t))≡ 1α−1 ln{tr([ρF (t)]α[ρB(τ − t)]1−α)}
with α>0, can also be used in addition to relative
entropy to measure asymmetry between forward and
backward processes. Similar form of thermodynam-
ical irreversibility and dissipation relation can be
obtained [32],
Sα
(
ρF (t) ‖ρB (τ − t)) = 1
α− 1 ln
〈
eβ(α−1)Wdiss
〉
. (2)
As α approaches 1, relative Re´nyi entropy converges to
relative entropy and thus is a generalization of the latter
providing insights from different viewpoints. They are
both useful tools in quantum information and thermody-
namics [33–38].
Experimental setup.— Here we report an experimental
verification of irreversibility and dissipation relations (1)
and (2) in a transmon qubit of Xmon variety [39, 40]. A
transmon/Xmon can be considered as a nonlinear oscil-
lator with a Josephson junction or a DC-squid acting as
(a)
(b)
FIG. 1. (Color online) (a) shows an optical micrograph of
the superconducting quantum circuit used for our experiment.
Four Xmon qubits (marked from ”qubit 1” to ”qubit 4”) are
arranged in a line with nearest-neighbor coupling scheme.
Each qubit have its own Z control lines, while qubit 2 and
3 share their X/Y control lines with qubit 1 and qubit 4,
respectively. The device was fabricated following the proce-
dure outlined in [24] with similar circuit layout. It was then
mounted in a light-tight aluminium alloy box and cooled down
to a base temperature of about 10 mK. (b) shows a schematic
of the qubit control and readout circuits and electronics. An
arbitrary waveform generator (Tektronix AWG 5014C) was
used to generate well-shaped control and readout pulses. Mi-
crowave for X/Y rotation and readout is generated by two
microwave sources (R&S SMB100A) and then mixed into the
control pulses by IQ mixers. The readout signal is pream-
plified by a HEMT (low noise factory, LNF-LNC4 8C) at 4K
stage, followed by a second amplification at room tempera-
ture, then down-convertded by an IQ mixer and digitized by
a high speed digitizer (AlazarTech, ATS9360). The Qubit
states are then decided by the amplitude/phase at the driven
frequency of their corresponding readout resonator.
its nonlinear inductor. The lowest two energy levels of
Xmon are used to implement a qubit. Xmon qubits have
improved coherence time [39] and can be fully and accu-
rately controlled [41] with microwave pulses. It can real-
ize qubit state tomography with dispersive quantum non-
demolition (QND) measurement [25, 42]. Those features
make it a good choice for our experiment. A photogra-
phy of our device is shown in Fig.1(a). It has four Xmon
qubits (marked from ”qubit 1” to ”qubit 4”) arranged in
a line with nearest-neighbor coupling scheme. The cho-
sen Xmon (qubit 2) was set to its optimal point with
a qubit frequency of ωq/2pi = 6.20240 GHz±0.02 MHz
3x
y
|0
|1
(a) Bloch representation.
0°
45°
90°
135°
180°
225°
270°
315°
30°
60°
90°
(b) Bird-eye view from north pole.
2 4 6 8 10 12
time/ t
1.00
1.25
1.50
1.75
2.00
2.25
2.50
W
di
ss
Dissipated Work
Irreversibility
1.00
1.25
1.50
1.75
2.00
2.25
2.50
S(
F (t
)|
B (
t))
(c) Dissipated work and relative entropy.
FIG. 2. (Color online) Discrete evolution and results. In forward process, the states are consecutively rotated along x, y-axis
by angles θ = 6.22◦ ± 1.76◦ which last ∆t = 16 ns. The corresponding backward process is realized as consecutive rotations
along negative x, y-axis in reversed sequence. (a) and (b) depict simulation of externally driven unitary forward (red) and
backward (blue) processes. In representation (a) and (b), time evolution starts from the north pole, the x, y-axis rotations
are consecutively interchanged, shown as zig-zag line in (b). Experimentally, time evolution starting from south pole is also
implemented. (c) is experimental result of dissipated work and irreversibility depicted by relative entropy, showing left-hand-
side and right-hand-side of relation (1), respectively. Note that height of the blue strip represents double standard deviation of
dissipated work while its center is the average dissipation. The experiment demonstrates that relation (1) is satisfied.
and anharmonicity being about −236 MHz. Its readout
resonator frequency is at ωr'6.793 GHz, which falls in
the dispersive regime with an effective dispersive shift
κ/2pi' − 0.697 MHz. Measurements show that its en-
ergy relaxation time is T1'8.327 µs and dephasing time
is T ∗2'6.813 µs, with spin echo Gaussian dephasing time
T se2 '11.722 µs. The coherence property, although not as
good as that of the state-of-art transmon/Xmon fabrica-
tions, is believed to be enough for demonstrating the re-
lations, since the longest operation time is about 300 ns,
which is much shorter than the decoherence time.
Experimental procedure and result analysis.— The
qubit is initialized to state |0〉 or |1〉 in both the for-
ward and backward process. The required Gibbs dis-
tribution for thermodynamical equilibrium states would
be obtained through assigning proper weight as proba-
bilities to these states such that βω0 = βωτ = 1 with
E0,τi ≡ ± 12ω0,τ being energy levels at the beginning and
end of the transition, and ~ = 1. We conduct projective
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FIG. 3. (Color online) Relative Re´nyi entropy of orders α =
1/2, 2. They are shown down and upper in the figure. Similar
representations are adopted as that in Fig. 2(c). Both sides of
equation (2) are presented, they agree well with each other.
measurements at the end of every unitary process and ob-
tain transition probabilities pF(j|i) from initial state |i〉
to final state |j〉 of the forward evolution. Average dis-
sipated work can be computed through these transition
probabilities,
〈Wdiss〉 =
1∑
i,j=0
p0(i)pF(j|i)(Eτj − E0i )−∆F, (3)
with p0(i)≡e−βEi/Z0 Gibbs distribution of energy states
and Z0,τ≡2 cosh(βω0,τ/2) partition functions. Other ex-
ponential functions of dissipated work can be evaluated
similarly,
〈eβ(α−1)Wdiss〉 =
1∑
i,j=0
p0(i)pF(j|i)eβ(α−1)(Eτj −E0i−∆F ).
(4)
To determine irreversibility namely difference between
forward process and its reverse quantified by relative en-
tropy and relative Re´nyi entropy, we implement state to-
mography on carefully chosen time points of the transi-
tions. For every tomography time point t in the forward
process, state tomography at corresponding instant τ − t
is arranged in the backward procedure. With data col-
lected about these states of different instants, we can
compute irreversibility described by either relative en-
tropy or relative Re´nyi entropy of order α > 0.
With the help of equations (3,4) which will be mea-
sured experimentally, also relative entropy and relative
Re´nyi entropy can be obtained by using state tomog-
raphy, now, both sides of relations (1,2) will be given
experimentally. Then, we can check whether these two
equations are satisfied.
The first realization of unitary driven evolution is a se-
quential quench of a designed sequence of system Hamil-
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FIG. 4. (Color online) Continuous evolution and results. Same conventions are adopted as that in Fig. 2. The difference is
that the driven protocol is much smooth. Both (a) and (b) show the forward and backward processes starting from the north
pole. In experiment, evolution starting from south pole is also implemented. (c) shows both sides of relation (1), they agree
with each other.
tonians,
−ω0σz → ω(t)σx → ω(t)σy → . . .︸ ︷︷ ︸
14 rotations each last for 16ns
→ −ωτσz.
The σx,y-type Hamiltonians are turned on and off con-
secutively for 14 times in the form of 16 ns modulated
Gaussian-type control sequence ω(t) providing advantage
of avoiding leakage error. State tomography time points
are chosen as the ends of each ∆t showtime of σx,y Hamil-
tonian. The backward process is set accordingly. We
give a depict of simulation of this designed procedure in
Fig. 2(a) and (b) namely a Bloch sphere representation
and a bird-eye view from the north pole |0〉 of the Bloch
sphere, for both forward and backward procedures.
Experimental raw data obtained in state tomography
are of fidelity Fraw ≥ 91.3% compared to that of simula-
tion. Given pure states, we can make every density ma-
trix obtained in tomography normalized and thus elimi-
nate errors due to decoherence or measurement defects,
and obtain fidelity Fadj ≥ 97.7%. We compute aver-
age and standard deviations of dissipated work according
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FIG. 5. (Color online) Relative Re´nyi entropy of orders α =
1/2, 2. They are presented down and upper in the figure.
Similar conventions are adopted as that in Fig. 2(c). It is
shown that relation (2) is satisfied.
to Eq.(3) and of relative entropy using transition prob-
abilities and state-tomography data in 25 repetitions of
the experiments. The results are plotted with respect to
times as shown in Fig. 2(c), which shows that 〈Wdiss〉
agrees with S(ρF(t)‖ρB(τ − t)) perfectly within experi-
mental error as predicted [3, 31]. Similarly, we can com-
pute mean value and standard deviation of work expo-
nentials using Eq.(4) and relative Re´nyi entropy of order
α > 0 with the same state tomography data. One can
choose any values of α > 0, for instance α = 1/2 and
α = 2. Our data as shown in Fig. 3 validates the rela-
tive Re´nyi entropy and dissipation relation (2) given by
Ref. [32] within resolution of our experimental setup.
Apart from the sequential quenches, we also conduct
a “quasi-smooth” driven process by varying the qubit
Hamiltonian in a much smooth manner. System Hamil-
tonian firstly jumps from −ω0σz to σx type which change
gently in 16 consecutive steps to σy form and finally
quench to −ωτσz
−ω0σz → ω(t)σx → . . .→ ω(t)σy︸ ︷︷ ︸
16 steps each last for 16ns
→ −ωτσz.
Modulated Gaussian control sequence ω(t) is employed
in each step. This is a quantum version of using discrete
process with small step length ∆t = 16 ns to imitate a
continuous process H (t) = Ω[σx cos(ωpt) + σy sin(ωpt)]
where the rotating frequency Ω/2pi is about 1/979 GHz
and procession speed of the rotation axis ωp/2pi =
1/960 GHz. So system undergoes 16 rotations along 16
equally spaced axes on the equator of the Bloch sphere
by an angle of θ = 5.88◦ ± 1.79◦ each time. With the
x-axis as the starting rotational direction, space between
neighbour axes is φ = 6.08◦±0.80◦. Similarly, we conduct
a numerical simulation of this smooth discrete quantum
transition. Our simulation results are shown in Fig. 4(a)
and (b).
Smoothness of the transition can vividly be seen from
the bird-eye view of north pole Fig. 4(b). Experimen-
tally, we conduct the same procedures of initialization,
5state tomography, and transition probability measure-
ments. The tomography time points are chosen to be
the end of each 16 discrete steps. Both the temperature
and energy levels at t = 0, τ are assumed the same as
before. Raw data of tomography shows that the fidelity
is Fraw ≥ 89.4%, which can be improved to Fadj ≥ 94.0%
by considering the states are pure as shown above. Corre-
sponding experiment data as shown in Fig. 4(c) confirms
the relation (1) between average dissipated work and rel-
ative entropy. Also, Eq.(2) can be verified, as shown in
Fig. 5.
Conclusion.— We have designed and implemented ex-
periments on the platform of superconducting Xmon
qubit to provide concrete evidences for verification of
Eq.(1) and Eq.(2). Both of them are quantitative re-
lations connecting dissipated work and irreversibility of
the thermodynamic process. Our experiment is the first
verification of relation (2) in a quantum platform. Those
results lay more solid experimental foundation for theory
of quantum thermodynamics.
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